AbstrAct Mitral regurgitation (MR) is the second most common heart valve disease worldwide. Currently, the management of MR is based on medical therapy (including biventricular pacing), surgery (mitral valve replacement or repair) and percutaneous therapy.
• cardiopulmonary exercise test • echocardiography • MitraClip® procedure • mitral regurgitation • percutaneous intervention Mitral regurgitation (MR) is the second most common valvular heart disease after aortic stenosis. Without surgical intervention, the outcome of patients affected by significant MR is poor because of worsening left ventricular (LV) failure, pulmonary hypertension (PHT), atrial fibrillation and death [1] . The most common causes of MR include ischemic and nonischemic heart diseases and/ or valve degeneration. Indeed, structural abnormalities of the valve leaflets and the subvalvular apparatus, including tendinous chord rupture, may provoke degenerative MR (DMR).
In these patients, surgical repair, when feasible, is the therapy of choice because of better perioperative mortality, preservation of postoperative LV function and improved long-term survival compared with valve replacement [2] . However, some patients are at high surgical risk due to advanced age or other comorbidities and thus are not amenable for surgery. On the other hand, both ischemic and nonischemic heart diseases may cause 'functional' MR (FMR) through several mechanisms, such as impaired LV wall motion, LV dilatation and papillary muscle displacement and dysfunction.
Contrary to DMR, surgical correction for FMR is controversial, with no consistent data being available in terms of survival and quality of life. In addition, owing to advanced age and multiple comorbidities, in a large percentage of FMR patients, mitral valve (MV) repair or replacement are denied, as shown by the Euro Heart Survey [3] . Various percutaneous techniques have been developed to treat MR with less invasive approaches in order to minimize surgical trauma. Percutaneous repair with the MitraClip ® system (Abbott Vascular, IL, USA) is a novel interventional technique developed as an alternative to the surgical approach for the treatment of severe MR. The device review Salerno, Schmidt, Bigazzi et al. future science group mimics the surgical 'edge-to-edge' Alfieri technique (Figure 1 ) through mechanical coaptation of the mitral leaflets [4, 5] . In the percutaneous procedure, a guide catheter is introduced into the right femoral vein and advanced up the inferior vena cava to the right atrium and then to the left atrium (LA) by a trans-septal approach. A delivery system with a clip (Figure 2) is steered through the MV and positioned under echocardiographic and fluoroscopic control until a successful result, as shown by decreased MR, is obtained (echocardiographic assessment of MR <2+; Figure 3) . A second clip can be placed if necessary in order to achieve a satisfactory reduction in MR. The MitraClip has been evaluated in the EVEREST I study, which demonstrated its safety and feasibility [6, 7] . The first randomized controlled study, the EVEREST II study, randomized 279 patients with moderately severe or severe (grade 3+ or 4+) MR in a 2:1 ratio to percutaneous treatment with the MitraClip system or surgical repair or replacement (n = 95). At 1 year, the rates of the primary efficacy end point (a composite of freedom from death, surgery for MV dysfunction and grade 3+ or 4+ MR) favored surgery (73 vs 55%; p = 0.007), with need for surgical intervention for MV dysfunction being tenfold lower than in the percutaneous group (2 vs 20%; p < 0.01). However, the percutaneous approach was safer (30-day major adverse cardiac events: 15 vs 48%; p < 0.001) [8] . These results corroborated the advantage of surgery according to the current guidelines, recommending surgery for patients with degenerative MV regurgitation, good LV function and a low operative risk. However, It should also be noted that the interventional cardiologists who performed MitraClip procedures did not have well-established experience before the randomization phase (the average number of previous MitraClip procedures was three). A subgroup analysis carried out on data from EVEREST II found that the Mitraclip was not inferior to cardiac surgery in older patients and patients with functional regurgitation and reduced LV function [8] . Recently, investigators led by Mauri, of Brigham and Women's Hospital (MA, USA), analyzed the data at a 4-year follow-up. The composite efficacy end point was numerically higher with surgery, but the difference was no longer significant compared with at the 1-year follow-up. Rates of mortality and moderate-tosevere and severe MR were comparable between the groups. However, the need for surgery for MV dysfunction was almost five-times greater after percutaneous therapy [9] .
Causes, mechanisms & pathophysiology of MR
The MV apparatus is a complex anatomic structure composed of several elements, each of them playing an important role in the physiological mechanism of closing and therefore are susceptible to being involved in MR. Schematically, we can distingue the mitral annulus, two distinct leaflets (anterior and posterior) and chordae, which connect both leaflets to the anterolateral and posteromedial LV papillary muscles. Notably, the geometry and function of LA and LV also play important roles in the MV dynamics and function. The posterior leaflet is further separated into three separate, named scallops: P1, P2 and P3 (from lateral to medial). Although the anterior mitral leaflet is typically not anatomically divided, its segments are named A1-A3 in order to reflect the segmentation of the opposing posterior leaflet scallops. The shape of the mitral annulus is comparable with a saddle structure with peaks anteriorly and posteriorly, and nadirs medially and laterally. The anterior aspect of the mitral annulus is a stiff fibrous band that is common with the aorta (aortomitral fibrosa or curtain), while the remaining medial, lateral and posterior aspects are more susceptible to remodeling and distortion of shape [10] . There are multiple causes and mechanisms behind MR. According to these mechanisms, MR can be divided into organic and functional subtypes. Organic or primary MR is caused by structural abnormalities of the leaflets or the subvalvular apparatus, On the inner portion of the clip is a U-shaped gripper that matches up to each arm and helps stabilize the leaflets from the atrial aspect as they are captured during closure of the clip arms. (B) Leaflet tissue is secured between the closed arms and each side of the gripper when the clip is closed and locked to effect and maintain the coaptation of the two leaflets. www.futuremedicine.com including the chords. Causes of primary MR include most commonly degenerative disease (Barlow syndrome, fibroelastic degeneration, Marfan syndrome, Ehlers-Danlos syndrome and annular calcification), rheumatic disease and endocarditis [5] . In the functional or secondary forms (i.e., FMR), the valve is structurally normal, denoting abnormal function of normal leaflets in the context of impaired ventricular function resulting from ischemic heart disease or dilated cardiomyopathy. In cases where both mechanisms are present, one of them is usually predominant and will guide the management. Chronic secondary MR is a common complication in patients with systolic heart failure. It results from an imbalance between tethering forces (annular dilatation, apical and outward displacement of one or both papillary muscles and LV sphericity) and closing forces (decreased LV contractility, global LV dyssynchrony and papillary muscle dyssynchrony). Since these factors may alter during the cardiac cycle and with changes in loading conditions, FMR is by nature dynamic. FMR due to nonischemic conditions occurs in the presence of dilated cardiomyopathy or MV annular enlargement secondary to LA dilatation in patients with chronic atrial fibrillation [11] . In most cases, chronic ischemic and nonischemic FMR results from systolic restriction of leaflet motion, and two main patterns of mechanisms can be described. The restrictive motion is most frequent in patients with previous posterior infarction (asymmetric pattern/ tethering). In this scenario, the traction on the anterior leaflet by secondary chordae can induce the so-called 'seagull sign'. By contrast, when both leaflets show a reduced systolic motion leading to incomplete coaptation, the pattern/ tethering is symmetric, as in patients with idiopathic cardiomyopathy or with both anterior and inferior infarctions [13] .
Carpentier introduced a functional classification of MR based on leaflet movement: type I with normal leaflet movement (e.g., MR caused by annular dilatation or leaflet perforation due to infective endocarditis); type II with exaggerated leaflet movement (e.g., MV prolapse); and type III is subdivided into type IIIa, implying restricted leaflet motion both in diastole and systole due to the shortening of the chordae and/or leaflet thickening, such as in rheumatic disease, and IIIb, with restricted leaflet movement only during systole, such as in ischemic or nonischemic cardiomyopathy [12] .
The clinical scenarios of MR can be extremely different if the mechanisms of regurgitation arise acutely or chronically. In acute MR, the atrium is noncompliant, so mechanical energy generated by the LV causes an increase in intra-atrial pressure. By contrast, in chronic MR, the atrium is more compliant, so mechanical energy generated by the ventricle causes volume overload and atrial enlargement. For this reason, chronic MR may be associated with a small regurgitation wave [13] . Patients with chronic MR often remain asymptomatic for many years and the LV progressively dilates to accommodate the increased volume load and maintain cardiac output, finally resulting in heart failure and increased risk of sudden death when the MR becomes decompensated and LV contractile dysfunction is manifest. 
Patient selection
An appropriate selection of patients for the MitraClip procedure has to begin from:
• The grading of MR severity;
• The assessment of the mechanism underlying the regurgitation, defining both the anatomic features of the MV (DMR) and the anomalies of LV function (FMR);
• The assessment of the functional status and surgical risk.
Grading of MR severity
MR incidence and clinical importance are largely underestimated partly because physical examination is rather insensitive. When present, secondary MR may exhibit a broad range of severity and conveys a dismal prognosis. The increased mortality risk is related not only to the presence of MR, but also more importantly to the severity of MR. Indeed, the more severe the secondary MR is, the more it worsens the prognosis. Moreover, MR begets MR due to adverse LV remodeling, which is known to independently affect outcomes. This has led to a focus of attention towards the amelioration of the methods used to quantitate the severity of MR. Echocardiography is the best method for the assessment of MR severity and its mechanism, repairability and hemodynamic consequences future science group www.futuremedicine.com [12, 14, 16, 17, 18] [12, 15] . The EVEREST studies classified MR by TTE into four grades. In order to qualify for the procedure, MR needs to be moderate to severe (3+) or severe (4-/4+). Three criteria needed to be met and, of these criteria, at least one had to be quantitative [6] [7] [8] . Therefore, echocardiographic laboratories are encouraged to become proficient in MR quantification in order to measure regurgitant volume as a marker of volume overload and effective regurgitant orifice area (EROA) as a marker of lesion severity. Quantitative assessment defines the progression of MR, which color flow imaging does not detect well [19] . Despite several inherent limitations of the proximal isovelocity surface area (PISA) method, including its lower accuracy in eccentric jets, the changes in PISA radius throughout systole and the often unmet assumption that the proximal flow convergence is hemispheric, the 2D PISA method is currently the recommended approach for MR quantification. Particularly in secondary MR, elliptic and irregular configuration of the effective regurgitant orifice (ERO) may render the ERO calculation inaccurate by the 2D PISA method. Such a complex geometry may contribute to the discrepancy between secondary and primary MR severities in terms of outcome. However, the regurgitation volume also depends on a systolic time run profile of the future science group regurgitation, the size and pressure conditions in the LV and the LA and the geometry and contraction of the LV. An EROA ≥40 mm 2 is linked to approximate doubling of the mortality risk and quadrupling of the risk of cardiac events, superseding jet-based measures and indicating a risk of excess mortality compared with expected survival [20] . On the other hand, an EROA ≤40 mm 2 (between 20 and 39 mm 2 ) is associated with a slow deterioration of outcome within the first few years, indicating the 'watchful waiting strategy' for medical management. The relationship of EROA with subsequent cardiac events was established independently. In secondary MR, an EROA ≤20 mm 2 is prognostically in favor of severe MR, while, as previously described, a double cut-off is used to define severe primary MR. 3D echocardiography is an imaging technique that can provide the actual geometry of the flow convergence. Therefore, determination of the resulting surface using a 3D volume lead technique has been included in the current guidelines for 3D echocardiography [21] . As is well known, one of the first applications of 3D echocardiography has been the assessment of LV volume and function independently of geometric assumptions regarding LV shape. These are landmarks during the evaluation of secondary MR.
Direct measurement of PISA with 3D color Doppler echocardiography does not require the use of geometric assumptions and should reduce the errors in calculating EROA with the 2D method. Using this new tool, an ongoing prospective multicenter study evaluating the prognostic impact of the quantified degree of secondary MR using real-time 3D color TTE in patients with heart failure is being conducted (the POMAR study). Furthermore, cropping of a 3D color Doppler dataset can reveal different vena contracta areas in the principal views and can better define its shape along the commissural line (in an en-face view to the MV). It must be remembered that echocardio graphical assessment only provides a snapshot from a single time point, which is affected by multiple factors, including filling status, blood pressure, heart rate and arrhythmia (e.g., atrial fibrillation), as well as, importantly, the use of sedatives, narcotics and catecholamines. Therefore, consideration must always be taken to ensure that the conditions under which the echocardiography is performed remain identical before and after the procedure.
Stress echocardiography is currently an underused technique that can provide additional information on the severity of the regurgitation and functional capacity that is useful for risk stratifying patients and for clinical decisionmaking in both types of MR. Dobutamine stress echocardiography may be useful in the assessment of FMR in order to determine the extent of the viable myocardium and contractile reserve that might recover with revascularization, medical treatment or possibly resynchronization. It is not as useful in the grading of the severity of MR, as it has a direct influence on loading conditions. On the other hand, exercise stress echocardiography can play an important role into revealing the clinical significance of FMR and can reveal hemodynamically significant MR in patients who have only mild MR at rest. Therefore, it has been established that an exercise-induced increase in ERO of ≥13 mm 2 is linked to increased morbidity and mortality [21] . In the following three circumstances of FMR, exercise echocardiography has been shown to provide implementable information [22, 23, 24] :
• Where there is a mismatch between the degree of exertional dyspnea and the extent of LV dysfunction or degree of regurgitation at rest;
• Where there is pulmonary edema without any clear reason;
• Where there is an indication for surgical revascularization in patients with moderate ischemic MR at rest and the development of severe MR on exercise, which might suggest the implementation of surgery with a MV repair procedure.
In patients with heart failure, exercise-induced increases in MR are related to the dynamic distortion of the MV geometry. It was hypothesized that dynamic MR may also be related to intermittent changes in LV synchronicity during exercise [25] and LV asynchronism at rest substantially contributes to the worsening of FMR during dynamic exercise in patients with chronic heart failure due to LV systolic dysfunction [26] .
In patients with primary MR, current guidelines support the use of exercise echocardiography inpatients with discordant symptoms in order to objectivize the hemodynamic burden of FMR. Similar to secondary MR, primary MR seems to be susceptible to dynamic condition, which is incompletely described at rest. Recent studies show that decreased exercise capacity and future science group www.futuremedicine.com exercise-induced MR development or exercise PHT are linked to the evolution of the symptomatic scenario. Furthermore, according to recent evidence, exercise echocardiography should be performed on a regular basis in asymptomatic patients with severe MR in order to detect the absence of contractile reserve, which reveals subclinical LV dysfunction [27] . The lack of contractile reserve, initially defined as an increase in the LV ejection fraction at exercise of ≤4%, predicts poor postoperative prognosis in minimally symptomatic severe MR patients undergoing to surgery [28] . Otherwise, contractile reserve can be assessed by 2D speckle tracking, whereby a <1.9% increase in global longitudinal strain at peak exercise predicts postoperative LV deterioration in asymptomatic patients [24] .
The management of patients with asymptomatic severe primary MR with preserved LV systolic function remains controversial, opposing early elective surgery [20] for the 'watchful waiting' strategy instead [29] . Current American College of Cardiology (ACC)/American Heart Association (AHA) guidelines recommend MV repair for patients with either PHT or exercise PHT (pulmonary artery systolic pressure [SPAP] >60 mmHg), even in the absence of LV dysfunction or dilatation or symptoms (class IIa) [17] .
According to the 2012 version of European Society of Cardiology (ESC) guidelines, surgery should be considered in asymptomatic patients with preserved LV function and a new onset of atrial fibrillation or PHT (systolic pulmonary pressure at rest >50 mmHg; class IIa) or PHT on exercise (SPAP ≥60 mmHg at exercise; class IIb) [30] .
Enhancing echocardiography assessment of asymptomatic, severe DMR with an exercise test allows for a more precise identification of patients who require a closer follow-up and who might derive benefits from early referral for surgery. Watchful waiting seems to be more indicated in patients without the aforvementioned risk factors or when MV repair is improbable.
Assessment of Mv anatomy & mechanisms underlying MR
As with surgical mitral repair, the echocardiographic assessment of mitral functional anatomy and the determination of the mechanism of MR are mandatory in order to select patients who can benefit from percutaneous intervention and to tailor the repair strategy. The MitraClip system is effective in selecting patients with both DMR and FMR. In DMR, the percutaneous clip anchors the flail and/or prolapsed leaflet, whereas in patients with FMR, it helps with the physiological closing forces by decreasing the time and the force required to close the valve, thereby improving the coaptation of the tethered leaflet(s).
In addition, the clip creates a tissue bridge between the two mitral leaflets, thus limiting annular dilatation and supporting the durability of the repair. Finally, the clip restrains the LV wall by restricting LV dilatation and induces reverse LV remodeling, which, in patients with functional/ischemic MR, may further reduce tethering and the resultant regurgitation. Because percutaneous edge-to-edge repair by an implantable MitraClip approximates the middle scallops of the MV, creating a doubleorifice MV, the central mitral scallops -A2 and P2 -have to be principally involved in the predominant mechanism of MR. The guidelines for the selection of patients for MitraClip reflect the selection criteria used in the two EVEREST trials. Patients with DMR (Carpentier type II dysfunction) with either prolapse or flail of the A2 and/or P2 scallops are candidates for the MitraClip, and in EVEREST II, such patients represented approximately two-thirds of those evaluated. Similarly, patients with FMR, either due to dilated cardiomyopathy or ischemic LV remodeling, are also candidates if the dominant MR jet rises from A2 to P2. In EVEREST II, these patients accounted for a third of those enrolled. In EVEREST II, patients with significant MR originating from the medial or lateral aspects of the valve were excluded, as were those with rheumatic disease, endocarditis and a MV area of <4 cm 2 . Relative contraindications also include abnormal thicknesses of the leaflets or calcification that would hamper grasping by the device arms. Further functional anatomic features can exclude percutaneous MitraClip repair. In patients with FMR, a coapting surface length of <2 mm and/or a coaptation depth of >11 mm are considered to be contraindications for this kind of approach. In patients with DMR, those with a flail height (gap) of >10 mm and a flail width of <15 mm are excluded (Figures 4 & 5) . For the MitraClip procedure, patients need to have moderate-to-severe or severe MR (>3 to 4), as previously described, and the appropriate MV morphology that is summarized in Box 1 [10] .
During the feasibility planning of MitraClip The morphological suitability criteria for MitraClip intervention have recently been modified (Table 2) according to the EVEREST criteria and the Crossroads training experiences on patient selection in:
• 'Optimal VM', which is well-suited for implantation;
• 'Conditionally suitable VM', which should be preferably treated in experienced centers, and 'unsuitable VM', which is contraindicated for therapy [31] .
2D TEE MV anatomic assessment is performed using a systematic approach based on the description by Foster et al. in 1998 [32] . Some of the key views that may help with characterizing the valve pathology are summarized in Table 3 .
A more detailed understanding of MR mechanisms and an accurate definition of the anatomy for distinguishing between simple and complex lesions have been facilitated by the use of real-time 3D TEE (RT3D-TEE) and will be necessary for improving percutaneous valvular interventions. RT3D-TEE has more or less become the standard imaging technique for the procedural guidance of MitraClip implantations [33] and its use is recommended by recent guidelines [21] . Since the normal MV is a complex, nonplanar, saddle-shaped structure, it cannot be examined in a single 2D ultrasound plane. Recent studies have demonstrated that RT3D-TEE is suitable for both the static and dynamic quantification of MV morphology under normal and pathological conditions. Precise knowledge of the MV anatomy during the cardiac cycle, including mitral annulus changes and mitral leaflet curvature and stress, is necessary in order to allow accurate characterization of the etiology of MV prolapse and therefore to further enhance MV repair surgery or MitraClip therapy and to define objective criteria for assessing postsurgery/ procedure follow-up [34] . The measurement of the mitral annulus area by 3D echocardiography is accepted as an accurate method and a comparator for other methods [35] . Schmidt et al. have recently demonstrated that, in FMR, percutaneous treatment with the MitraClip device can produce immediate reductions both in mitral annulus size (anterior-posterior MV diameter) and tenting [36] . By contrast, these effects on mitral geometry cannot be demonstrated in DMR. Knowledge of this difference between the two types of MR may be important for improving procedural strategies (Figure 6 ) [36] .
RT3D-TEE imaging has a higher resolution than 2D imaging for identifying specific mitral scallops (A1, A3, P1 and P3) and commissures. Furthermore, 3D offline reconstruction of the MV allows for a more detailed assessment of the shape and diameters of the mitral annulus compared with 2D TEE, as previously described. Both approaches provide almost similar values for the tenting area and the coaptation depth in FMR [37] . The implementation of echocardiography studies with 3D approaches improves the direct calculation of the leaflet angles, tenting volume and surface of the leaflets. 3D TEE imaging provides valuable and complementary information to multiplane 2D TEE or the assessment of patients with MR and may facilitate clinical decisions regarding the timing (early vs delayed surgery) and the correct approach to each case (surgery vs MitraClip procedure), thereby informing the patient of the probability of a percutaneous versus a surgical indication. Finally, echocardiographic evaluation has to include an accurate assessment of both LV and right ventricular (RV) chamber size and function (by both 2D and 3D approaches), as well as tricuspid regurgitation (TR) and pulmonary artery pressure (PAP). More than 30% of patients with DMR and FMR have concomitant TR ≥2 at the time of mitral surgery. The presence of severe TR is an independent predictor of poor outcome and lower quality of life after MV surgery [38, 39] . On this basis, Taramasso et al. have assessed the impact of preprocedural TR ≥3 on the outcomes at mid-term follow-up after MitraClip treatment [40] . Their preliminary data show that TR is associated with an impaired quality of life in MitraClip candidates and, moreover, in patients with significant TR, in spite of similar echocardiographic profiles, the recurrence of MR ≥3, the incidence of death and rehospitalization for heart failure were higher at mid-term follow-up [40] . Tricuspid annular plane systolic excursion (TAPSE) <15 mm as a marker of RV dysfunction and TR >2 are significant predictors of the primary combined end point in patients with severe congestive heart failure [41] .
Assessment of functional status & surgical risk
In addition to the MV anatomy and MR mechanism, the assessment of clinical status and functional impairment plays an important role in determining whether patients will derive benefits from the MitraClip procedure in terms of outcomes and improvements of functional status. showed that MitraClip therapy is feasible and effective in patients with end-stage heart failure and severely depressed LV ejection fraction, and at a median follow-up of 6 months, caused an improvements in NYHA FC in most patients, in 6MWT distances, in MLHFQ scores and NT-proBNP plasma levels, as well as LV ejection fraction and LV end-diastolic and end-systolic volumes [3] . Notably, more recently, an improvement in 6MWT distance and NYHA FC associated with significant cardiac reverse remodeling were even observed in patients with severely reduced LV ejection fraction at a follow-up of 1 year after MV repair [42] and in approximately three-quarters of critically ill, elderly patients with moderate-to-severe MR not amenable to surgery [43] . Our preoperative protocol includes echocardiogram (as previously described by TTE/TEE with the implementation of 3DRT-TEE) and evaluation of the surgical risk and the functional status. The functional status is usually assessed, as previously described, by the presence of heart failure symptoms (NYHA class) and 6MWT distance, according to the data available in literature, while quality of life can be evaluated by MLHFQ and Short Form-36 questionnaires. However, in patients with chronic MR, symptoms may appear only in the later stages of the disease and sometimes coincide with irreversible myocardial damage. The management of patients with MR is based in great part on functional limitations occurring with activity. In asymptomatic patients, no limitation is clinically detected, but this subjective assessment of FC does not account for the physical activity level of patients who are often sedentary and may be influenced in several situations or by comorbidities such as respiratory diseases. As a consequence, defining FC determinants in MR is a vexing problem. Although some patients with severe MR complain of no functional limitations, others with similar MR develop severe • Rheumatic heart disease • Drug-induced mitral regurgitation (serotonergic properties, such as fenfluramine-derived amphetamines, including benfluorex; rye ergot derivatives, including dopamine agonists, such as asbromocriptine, lisuride, pergolide and cabergoline; migraine treatments, such as methysergide, ergotamine and dihydroergotamine; and drugs used for cognitive and neurosensory deficits, such as nicergoline and dihydroergocryptine, among others) currently underestimated functional limitations. The cardiopulmonary exercise test (CPET) with the determination of gas exchange more objectively assesses the capacity to exercise, minimizing the subjective aspects of obtaining the medical history and, according to our opinion, this should be integrated (where feasible and available) in the screening approach. In addition to the exercise test and the commonly used 6MWT, CPET provides a quantitative, objective and noninvasive evaluation of O 2 consumption and ventilatory parameters that are useful for risk stratification in patients with congestive heart failure. Recent outcome studies reported notable risks incurred by subsets of asymptomatic patients with MR [19, 20] , and guidelines highlight the importance of "a well-established estimation of exercise tolerance" and recommend exercise testing in order to objectively assess exercise tolerance [17] . In asymptomatic organic MR, FC quantitatively assessed by CPET is unexpectedly markedly reduced in one out of every four to five patients, with exercise levels that may be only half of those expected for their age. Reduced FC is an independent prognostic risk factor that is not related to the severity of MR. Markedly decreased FC (peak VO 2 ≤84% of expected) should suggest prompt MV surgery or percutaneous edge-toedge repair because of the higher rate of events under medical management. Therefore, CPET frequently reveals subclinical functional limitations and is an important tool in managing patients with organic MR [44] .
In patients with severe organic MR and mild or no symptoms, cardiopulmonary performance improves after successful minimally invasive video-assisted MV repair. Improvement is directly related to preoperative LV function and contractile reserve [45] ; therefore, these data should lead to a greater use of CPET in MR in order to detect objective FC limitation before patients develop heart failure, which is associated with poor postoperative outcomes. However, CPET remains poorly understood and underutilized in current clinical practice. This is mainly due to the costs related to the collection and analysis of expired gases and the lack of trained personnel for the application and interpretation of the test results. Improvement of peak VO 2 after successful surgery remains uncertain and hotly debated, warranting future large prospective studies. At this time, little is known about the effect of the MitraClip procedure on CPET variables, although some studies are currently ongoing and our group is also working on this issue. As an example, we describe the reports of two CPETs performed by the same patient before (Figure 7 ) and 6 months after (Figure 8 ) a successful MitraClip procedure (echocardiography results of MR <2+) for severe FMR. At the time of the intervention, the patient was in a poor FC (NYHA class III/IV), affected by ischemic dilated cardiomyopathy, was a cardiac resynchronization therapy defibrillator nonresponder, was in optimal medical therapy and was not eligible for cardiac transplantation due to comorbidities. As can be seen, the exercise time, work load (expressed by maximal watts performed and the percentage of predicted value), peak O 2 uptake, maximum VO 2 (either as an absolute value or as a percentage of the predicted value) and peak O 2 pulse (maximum VO 2 /heart rate, an indirect expression of cardiac output) are significantly increased (62 vs 98 watts, 42 vs review Salerno, Schmidt, Bigazzi et al.
future science group 69%, 8.3 vs 12.1 ml/kg/min, 39 vs 54% and 8 vs 13 ml/kg/min, respectively). The minute ventilation/carbon dioxide production slope also improved, decreasing from a value of 35 to 30, indicating a better ventilator response. Our patient was able to perform a maximal effort at both times according to a ramp incremental protocol.
We apply this kind of protocol because of its better feasibility and its mirroring of a more physiological effort in such a fragile subsets of patients. This is only an example of a patient in which a successful MitraClip procedure determines an improvement of subjective NYHA class (from III/IV to II), which also corresponds to better exercise capacity and CPET parameters. Therefore, in our opinion, if reliably feasible, CPET should be the preferred approach for exercise testing in MR either in the screening phase (for clinical decision-making and correct timing of the therapy, especially in asymptomatic or minimally symptomatic patients with severe MR) or in the follow-up after a MitraClip procedure. However, future large prospective studies are needed in order to introduce CPET as a routine test.
Neurohormonal activation may play an important role in the impairment of exercise performance in patients with heart failure by limiting exercise-induced vasodilatation or by mismatching peripheral blood flow. As Nakamura et al. have demonstrated, the improvement in exercise capacity was related to an important decrease in plasma atrial natriuretic peptide levels (167 to 41 pg/ml, with a normal range of 5-45 pg/ml) [46] . LV dysfunction is the principle determinant of neurohormonal activation. As a consequence of this, Starling's unpublished data on MR demonstrated a strong inverse correlation between plasma norepinephrine levels and LV contractility (r = -0.91) in a paper by Le Tourneau et al.; despite an improvement in symptomatic status, the persistent neurohormonal activation even after MV surgery probably reflects an incomplete recovery of LV contractility 7 months after surgery [47] . NT-proBNP plasma levels are strong independent factors in patients undergoing MitraClip procedures and, according to our opinion, should routinely be measured either to guide the selection of patients or during follow-up in order to assess whether there is a real improvement in FC. Furthermore, NT-proBNP levels >10,000 pg/ml in the presence of others negative prognostic factors (e.g., aged >80 years or TAPSE <15 mm as a sign of reduced RV function) suggest that the indication for MitraClip should be reconsidered [39] . The definition of 'high operative risk' and 'very high age' should also be a heart team decision based on the clinical presentation of the individual patient, their functional status (valuated by 6MWT, CPET, biomarkers as NT-proBNP plasma levels), assessment of risk scores (EuroSCORE II and Society of Thoracic Surgeons [STS] mortality risk calculation scores), LV ejection fraction and the morphology of the MV. Surgical risk is usually based on either the EuroSCORE [48] [49] [50] or the STS mortality risk calculation [51] (a logistic EuroSCORE >20% or an STS mortality risk calculation score >12 is considered to be 'high risk') or by the presence of specific surgical risk factors that are not covered in the EuroSCORE. The interdisciplinary team must also assess the valve anatomy and the suitability for MitraClip treatment. As is the case with transcatheter aortic valve implantation, the complexity of the interventional treatment of MR and the high proportion of patients with comorbidities make the creation of a defined treatment team important. A MV team ('heart team') should ideally consist [31, 52] of:
• An interventional cardiologist with experience in invasive and noninvasive diagnostics and the treatment of valve disease (a minimum experience of 25 interventional MV procedures per year should be aimed for, as well as expertise in trans-septal puncture);
• An echocardiographer with experience in transthoracic and, in particular, TEE diagnosis of valve disease, including the application of 3D approaches;
• A cardiologist with experience in heart failure management and therapy, as well as a geriatrician, should be included in the decision-making process because of the nature of aging patients;
• A cardiothoracic surgeon with expertise in reconstructive operative methods;
• An anesthesiologist with experience in cardiac anesthetics.
A joint decision from the cardiologists and cardiac surgeons in the heart team is necessary and should be documented. In contrast to transcatheter aortic valve implantation [31] , the presence or immediate availability of a cardiac surgeon is, however, not required due to the low risk of the MitraClip procedure.
Hemodynamic assessment: what role does it have in the selection of patients?
Coronary angiography, where clinically indicated, is also recommended in order to rule out any significant coronary artery disease or to treat significant coronary stenoses before performing catheter-assisted valve reconstruction. Both LV angiography and hemodynamic measurements using right heart catheterization can provide additional relevant information for the assessment of the severity of the valve disease and clinical decision-making. EVEREST II demonstrated that percutaneous MV repair was less effective at reducing MR than surgery; however, the procedure was safer and associated with a favorable hemodynamic response, while also providing a similar improvement in clinical outcomes [8] . The hemodynamic changes are reflected by an increase in forward stroke volume and cardiac index (CI) and a decrease in LV end-diastolic pressure. In addition, clip implantation results in a reduction in pulmonary capillary wedge pressure (PCWP) and PAP. As previously described by Siegel et al. [53] and then also by Biner et al. [54] , in patients with elevated filling pressures and elevated systolic PAP (≥40 mmHg), there was a significant decrease in filling pressures after successful MitraClip therapy. Moreover, the decrease in systolic PAP correlated with a drop in the mean PCWP and the PCWP V wave. Severe MR is generally associated with volume overload and eccentric LV remodeling. Initially, changes in cardiac geometry allow for the accommodation of the regurgitant volume at low filling pressures. In [54] . The potential increase in LV afterload following the eradication of the low-impedance regurgitant flow into the LA is one of the main issues with the surgical correction of MR. Furthermore, an increase in the afterload associated with the correction of MR could impair LV systolic performance and may result in an acute postoperative low cardiac output state [55] [56] [57] [58] [59] . The burden of this phenomenon in patients with surgically corrected MR by valve replacement or repair is not clearly defined because of the presence of several confounding factors linked to the nature of open heart surgery and the effects of cardiopulmonary bypass and cardioplegic arrest. By contrast, the MitraClip procedure represents a unique chance to assess the acute hemodynamic changes that are exclusively attributable to the reduction of MR, not requiring cardiopulmonary bypass. More recently, in addition to LV and LA reverse remodeling and to hemodynamic changes, MitraClip implantation has been demonstrated to be able to induce an improvement in the longitudinal systolic RV function, as evidenced both by the significant increase in TAPSE and by the RV Sm wave [60] . 
Conclusion
For patients with symptomatic, operable, severe MR, surgical intervention remains the gold standard treatment. The indication for interventional treatment of MR should always be determined on an individual basis, as there are currently no established guidelines for this therapy. During this decision-making process, a multiparametric approach is suggested and the following factors should be considered:
• The recommendations of the current guidelines from American, European and German societies for cardiology on the treatment of cardiac valve disease [17, 30, 31, 52 ];
• The morphology of the MV;
• The cause and the severity of the MR;
• The LV and RV function;
• The functional status of the patient;
• The operative risk. Given the results of the EVEREST II study, it is currently not possible to recommend MitraClip therapy for those patients who are in a highly recommended group for surgical treatment, based on the guidelines of the ESC for the treatment of cardiac valve disease (class I or IIa indication). Mainly patients with DMR or with chronic-ischemic FMR -for whom (operative) revascularization is pursued -are grouped into those classes. However, the grade of evidence for most of the class I or class IIa indications for operation consists of 'expert-onsensus'-level ecidence only (evidence grade C) [17, 30] .
In the case of FMR without an option for simultaneous revascularization, there is little evidence of a benefit of surgery. According to the guidelines for such cases, the emphasis is on optimization of the medical therapy and, in appropriate cases, on biventricular pacing. In According to Boekstegers et al., for certain patient groups, the MitraClip can be considered as a new treatment option [31] . In particular, these groups include:
• Patients with DMR, severe LV failure (LV ejection fraction <30%) and relevant comorbidities;
• Symptomatic patients with severe FMR, severe LV failure (LV ejection fraction <30%) and no option for revascularization;
• Symptomatic patients with severe FMR, mildto-moderate LV failure (LV ejection fraction from 30 to 50%), no options for revascularization and relevant comorbidities.
Indeed, in these patient groups, who often also have a high operative risk or are inoperable, the MitraClip therapy has turned out to be a safe treatment option with a low 30-day mortality (ACCESS, TRAMI-Register) [61, 62] .
On the other hand, as suggested by Neuss et al., in the case of an NT-proBNP level of 10,000 pg/ml, patients aged >80 years or TAPSE of 15 mm as a sign of reduced RV function, the indication for MitraClip should be reconsidered [41] . Conservative medical therapy may be an adequate therapeutic option in these end-stage heart failure patients. Therefore, it is still hotly debated as to whether there is a real benefit of MitraClip future science group www.futuremedicine.com intervention in patients who are affected by severe MR and end-stage heart failure with poor FC.
Future perspective
As the first of the interventional approaches to treat MR, the MitraClip procedure has the potential to effectively treat high-risk patients with FMR and significantly reduced LV function, who, in the past, would otherwise have frequently been refused conventional surgical approaches. Moreover, patients with DMR and a high operative risk or of a very high age can be provided with, at least in the mid term, a clinically sensible treatment. It must be stated that the MitraClip therapeutic approach is currently in an early stage of its clinical development. Most available results, including the published data of the EVEREST trials, are based on interventions performed during the early learning curve of the respective interventionalist. With increasing establishment of the method and continued self-critical use, further improvements in treatment results can be expected. On the basis of the most recent data in the literature, we should aim to obtain a better estimation of the clinical value of the MitraClip therapy before indicating patients for intervention enhancing functional assessment and MR grading by different available tools behind imaging. Due to current lack of long-term data, the decisions regarding therapy should be made by the interdisciplinary heart team, as previously described. 
executive summAry

Causes, mechanisms & pathophysiology of mitral regurgitation
• Echocardiography is the main imaging technique for the evaluation of the causes, mechanisms and pathophysiology of mitral regurgitation (MR) and for the preprocedural assessment, procedural guidance and postprocedural assessment of percutaneous mitral interventions for MR with the MitraClip® (Abbott Vascular, IL, USA) system.
Patient selection, assessment of mitral valve anatomy & mechanisms underlying MR & grading of MR severity
• Although 2D transesophageal echocardiography (TEE) has played a major role in the guidance of the procedures, 3D TEE provides more detailed information on mitral valve morphology, the mechanisms underlying the etiology of the MR and the catheter and device positions.
• The implementation of 2D TEE with 3D TEE provides better results in decreased procedure times.
Assessment of functional status & surgical risk: the possible role of hemodynamic assessment in the selection of patients
• In spite of fact that the preoperative evaluation of patients who may be suitable for the MitraClip procedure heavily relies on echocardiography, a multiparametric approach based on tests for the assessment of functional limitation (e.g., the 6-min walking test and/or the cardiopulmonary exercise test), together with the measurements of brain natriuretic peptide/N-terminal pro-brain natriuretic peptide values and the evaluation of the hemodynamic profile, should be preferred for a better understanding of patients' clinical status and more accurate selection that is able to predict adverse outcomes. 
